Abstract-Vehicle-to-barrier (V2B) communication is a recently introduced vehicular communication technology, which aims to facilitate wireless interactions between vehicles and roadside barriers in next-generation vehicular systems. V2B systems will help mitigate single-vehicle, run-off-road (RoR) crashes, which account for a large proportion of roadside crash fatalities. RoR crashes may not be addressed by existing vehicular communication systems, such as vehicle-to-vehicle and vehicle-toinfrastructure. Today, orthogonal frequency division multiplexing (OFDM) is vastly utilized in vehicular communication systems. Thus, there is a need to understand the signal characteristics of the channel, especially just before and during a crash. To this end, the first real-world crash test measurement results for OFDM-based V2B communications are presented herein based on two crash tests. These tests include a bogie vehicle crash test into a soil embedded post at an impact velocity of 27 mph and a Toyota sedan crash test into a concrete curb with an impact velocity of 15 mph, conducted at the outdoor proving grounds of Midwest Roadside Safety Facility (MwRSF), Lincoln, Nebraska. Experiment results illustrate the characteristics of V2B OFDM communication during vehicle encroachment and crash. The results highlight the adverse effects of vehicle encroachment and crash on OFDM signals, in terms of average received signal strength, peak to average power ratio, error vector magnitude, and phase error.
I. INTRODUCTION
Connected vehicles of tomorrow and autonomous vehicles of the near future are slated to operate on roadside infrastructure designed decades ago. Today, more than 50% of all traffic fatalities are a result of run-off-road (RoR) crashes, caused by a single vehicle leaving the traveled way, crossing an edge line, and colliding into a fixed object, such as a tree, rock, wall, barrier, and median [1] - [3] . Specifically, 40% of the defined crashes represents single-vehicle crashes [2] . Recent vehicles are equipped with sensory technologies, such as blindspot detection or lane-departure warning. Yet, recent statistics released by the White House and U.S. Department of Transportation's National Highway Traffic Safety Administration show that 7.2% (2, 348) more people died in traffic-related accidents in 2015 than in 2014. This unfortunate data point [5] . breaks a recent historical trend of fewer deaths occurring per year [4] .
For nearly two decades, intelligent transportation systems (ITS) have been in development to provide the transportation systems with information and communication facilities. The recent ITS strategic plan aims to focus the public attention on enabling safer vehicles and safer roadways by developing better crash avoidance for all road vehicles [6] . Accordingly, researchers and the industry have been developing new technologies for connected vehicles dubbed V2X; including vehicle-to-vehicle (V2V) [7] , vehicle-to-infrastructure (V2I) [8] , vehicle-to-pedestrian (V2P) [9] , and vehicle-tocloud (V2C) [10] communication paradigms (Fig. 1 ). Yet, existing V2X technologies may not address the safety issues related to single-vehicle RoR fatalities and serious injuries. To this end, vehicle-to-barrier (V2B) communications paradigm has been introduced [5] . We project that V2B systems will not only augment the automation technologies by enhancing communication capabilities between the vehicles and roadside barriers, but also present robust solutions to keep vehicles safely on the roads [5] . Providing a V2B communication infrastructure between errant vehicles and roadside barriers can lead to rapid-response safety systems that react in orders of a few hundred milliseconds to detect an on-coming crash and take precautions to avoid or mitigate crash consequences [5] .
Detection of a vehicle departing from the road and/or changing its lane, which will possibly crash into a barrier, can be determined and control mechanisms can be implemented with the help of a wireless communication infrastructure installed within roadside barriers. Furthermore, by analyzing impairments and small-scale characteristics of the transmitted signals during a vehicle's encroachment, reliability and robustness of V2B communications can be evaluated. The structure, shape, and/or materials of barriers are different on different roads. Therefore, for V2B, barriers have an important influence on wireless communication characteristics [5] . Evaluating wireless communication characteristics, especially during a RoR crash, would serve valuable insights for the design of V2B solutions. Thus, there is a need to conduct wireless communication evaluations in car crash scenarios. Today, vehicular communication systems are based on orthogonal frequency division multiplexing (OFDM) techniques, where channel variations within a few OFDM symbols cause inter-symbol interference (ISI). This is valid for future V2B systems in car crash scenarios, where the determination of the characteristics of OFDM transmission have to be tested in real world field tests.
In this paper, we present communication experiment results for two real-world crash tests. The tests were conducted on June 2016, at the outdoor proving grounds of Midwest Roadside Safety Facility (MwRSF), Lincoln, Nebraska. The first test was a bogie vehicle crash test to a soil embedded post at an impact velocity of 27 mph. The second test was a Toyota sedan crash test to a concrete curb with an impact velocity of 15 mph. We present the average received signal strength (RSS), peak to average power ratio (PAPR), error vector magnitude (EVM) and phase error (PE) impairment results both for the encroachment and crash phases.
The remainder of this paper is organized as follows: In Section II, related work on the subject is presented. In Section III-A, the test campaign setups are described, and in Section IV, the field test results are discussed. The paper is concluded in Section V.
II. RELATED WORK
Nodes in vehicular networks have high velocities which place significant challenges on designing wireless communication solutions. Vehicle speed affects the operating performance of IEEE 802.11p-like systems [11] . One of the most prominent factors on vehicular communication impairments is the Doppler spread [12] . Doppler shift causes a mismatch between frequencies of the received signal and local oscillator, which destroys the orthogonality of the sub-carriers during an OFDM transmission. Moreover, in high mobility systems, channel characteristics change within a single OFDM symbol duration leading to inter-carrier interference (ICI) [13] . These signal impairments can be observed through various performance metrics of an OFDM systems, including received signal strength (RSS), peak-to-average power ratio (PAPR), error vector magnitude (EVM), and phase error (PE) [14] , [15] .
Traditional vehicular communication technologies are characterized by the high mobility of the communicating nodes and various types of environments [16] . Up to date, for real world vehicular experiments, the velocity of the nodes usually range from 10 to 33 m/sec (35 -120 km/h) [11] , [17] , and the environments where the vehicular infrastructures are deployed are usually highways, urban, suburban and rural areas, within tunnels, or on bridges. [16] , [18] , [19] . Besides, the presence of roadside barriers, material structures, and heights of different types of barriers have been taken into consideration seldomly for vehicular communications. Most recently, we have shown that guardrail barriers exhibit a waveguiding effect on signal transmission, while higher signal attenuation is observed with rigid barriers [5] . In addition, there is a significant improvement on signal strength when the receiver antennas are deployed on lower heights (0.82 m -barrier height and 1.4 m -roof-top of a sedan car height) than higher ones (1.9 m -rooftop of a SUV car and 3 mtraffic signal height). Moreover, during a vehicle brake, a 3 m receiver antenna exhibited the least accurate results regarding signal impairments. Thus, for V2B networks, we mainly project deployment of antennas on or close to the height of generally used barriers. Moreover, there is a need to develop signal transmission methods and algorithms which exploit the reception of higher signal strengths and minimize the effect of signal impairments during a transmission. Yet, existing studies have either not considered V2B communications or are limited to drive-by experiments. To the best of our knowledge, this is the first study, which evaluates wireless communication during real world crash tests.
III. CRASH TESTS
For the wireless communication experiments, we have piggybacked on two scheduled crash tests at the Midwest Roadside Safety Facility (MwRSF). The details of the crash tests are as follows:
Bogie to Post Crash Test: In this test, a bogie vehicle was crashed into a post, which was buried in ground, with an impact velocity of 27 mph. As illustrated in Fig. 2a , the bogie started its journey at a distance of 60m from the post. The impact velocity of the bogie was 27 mph (12.07 m/sec). The bogie started its journey at 60 m distance from the impact point (Fig. 2a) . Different stages of the experiment are shown in Figs. 
(a-d).
Car to Curb Crash Test: In this test, a sedan car was crashed into a curb with an impact velocity of 15 mph. As illustrated in Fig. 2b , the vehicle started its journey at a distance of 60m from the curb. The impact velocity of the sedan vehicle was 15 mph (6.7 m/sec). Different stages of the experiment are shown in Figs. 3 (e-g) .
A. V2B Communication Experiment Setup
In both tests, a transmitter (Tx) was placed on the vehicles, and receivers (Rx) were placed behind the impact point (post and curb) at a safe location. Communication experiments were conducted during the crash tests. We first describe the experiment setup followed by communication and data collection procedures. Some of the decisions for antenna placement were due to safety concerns, equipment sizes, as well as crash test considerations. The communication experiments were conducted with 2 different types of antennas (Table I) . During the tests, panel antennas were installed to be the receivers and mounted on a tripod. A directional mini panel antenna was placed on the crashing vehicles as a transmitter (Tx). All of the receiver (Rx) antennas were attached to USRPs, which are then connected to laptop computers via USB cables. The laptop computers were time synchronized over internet utilizing the NTP, in advance of the crash. Throughout the experiments, all the packet reception steps were logged at the receiver side laptops for post-processing.
For the bogie to post crash test, the Tx antenna was affixed 1 m behind the bumper of the bogie (Fig. 4a) at a height of 0.90 m (Fig. 4b) . The Tx antenna was attached to an embedded USRP E312 with a coaxial cable (with 8 dB return loss). The Rx antenna was installed 10 m behind the crash impact point with a height of 0.90 m (Fig. 4b) .
For the car to curb crash test (Fig. 5a ), the Tx antenna was deployed on the rooftop of the vehicle, 0.3 m from the front windshield, at a height of 1.5 m (Fig. 5b) . The transmitter antenna was attached to a USRP E312 with a coaxial cable (with 8 dB return loss), which was secured inside the vehicle (bottom of back passenger seats). At the receiver end, two Rx antennas were installed 10 m behind the impact point, with heights of 0.82 m (generic barrier height) and 1.5 m (roof-top height of the vehicles), respectively.
To measure the instantaneous acceleration of the vehicle during the experiments, we used MPU-9150, which is a 9- axis motion tracking sensor integrated into the USRP E312. The sample rate of the accelerometer for all these experiments was 9 Hz and acceleration in 3-axes was collected during the experiment. In the following, we report the acceleration on the axis directed toward the vehicle motion as it is relevant to the crash tests. Velocity and position of the car was measured using the AMY-6M GPS module integrated into USRP E312 at a sample rate of 1Hz. The GPS antenna was installed at the top of the bogie and the rooftop of the vehicle. In addition to on-board sensors, a high-definition camera is affixed to the receiver to record the vehicle encroachment and crash.
During the crash tests, communication experiments were conducted at 5.8 GHz by utilizing USRP devices as a transmitter on the bogie and car, and receivers behind the crashed post and barrier, respectively. GNU Radio software development toolkit with OFDM benchmark codes were used with modifications for data collection [20] . The sampling rate of the OFDM symbols was set to 500 kS/sec with a packet length of 128 bytes, BPSK modulation, and FFT length of 64 with 48 occupied subcarriers, which mostly reflect the DSRC physical layer parameters 1 . Along with the accelerometer sensor within the transmitter USRP, the timestamp was overlaid on-the-fly during the video recording phase. The timestamping enabled us to determine the UTC of the crashes, which yield us to extract the OFDM symbols during a crash phase from the received IQ log files.
B. Evaluation Metrics
The experiment results are evaluated based on four metrics: received signal strength (RSS), peak-to-average power ratio (PAPR), error vector magnitude (EVM), and phase error (PE). The RSS and PAPR results are calculated based on the FFT 1 DSRC uses a higher bandwidth which was not possible due to equipment limitations. log file, whereas the IQ data sink log file is used for the EVM and PE metrics in Matlab 2016b. In the following, we present the definitions of these metrics.
The FFT log file includes a serial output of the FFT block with 32-bit complex numbers, where each number corresponds to the IQ representation of one subcarrier. We first split this serial FFT log data into vectors, where each vector represents one OFDM symbol. Let N fft be the number of subcarriers. Then, the RSS of one symbol is calculated by:
where (I exp , Q exp ) is the experiment IQ data, c is the calibration constant used for received power calculations and ∆t is the sampling interval. The calibration constant, c, based on which USRPs are calibrated in advance, was measured to be -105.77 dBm and ∆t is calculated as:
where SR is the sampling rate and N CP is the cylic prefix length. Throughout the tests, sampling rate was set to 500 kS/sec. PAPR of one OFDM symbol is calculated as:
where S max and S avg are the maximum and average received power of the subcarriers within one symbol, respectively. EVM is the ratio of the received signal amplitude to its ideal (expected) amplitude on the constellation [14] . More specifically, EVM is the length of the vector between the transmitted symbol and the received symbol on the IQ plane. In general, EVM is evaluated as 10 log 10 ( 
Finally, PE of one OFDM symbols is defined as:
where φ i is the angle between the measured and reference IQ points of ith subcarrier. During the tests, the modulation scheme was selected to be BPSK, hence any deviation from 0 rad is regarded as error.
IV. EXPERIMENT RESULTS
In the following, we present the communication experiment results for the bogie to post and car to curb crash tests.
A. Bogie to Post Crash Test
To analyze the impact of vehicle speed and crash, we select three intervals of 1s before, during, and after the crash. First, the crash time, t c , is estimated based on the video and accelerometer results. Then, the intervals, as indicated in Fig. 6a , are defined as follows:
• Pre-crash [t c − 1.5, t c − 0.5]: The pre-crash interval represents the time when the vehicle is about to crash the obstacle. This interval is important for V2B communications because any crash avoidance-related communication may be conducted at this time.
• Peri-crash [t c − 0.5, t c + 0.5]: The peri-crash interval includes a drastic change in acceleration and velocity as well as vibration due to the impacts of the crash.
• Post-crash [t c + 2, t c + 3]: The post-crash interval is selected such that the vehicle is stationary. It provides a good comparative metric to evaluate the Doppler effects. In Figs. 7, EVM and PE impairments are shown with a cumulative distribution function (CDF) plot for the three intervals. It can be observed that the post-crash statistics are slightly better at higher quantiles compared to pre-and pericrash intervals. This can be attributed to the Doppler effect.
In Figs. 8, the OFDM impairment results during the bogie encroachment are shown. More specifically, changes in communication in terms of RSS, EVM, and PE are shown while the bogie was mobile before the impact. During the entire encroachment period, RSS varies between -70.5 dBm to -71.5 dBm (Fig. 8a) . Similar trends are observed for EVM and phase error (Figs. 8b-8c ). Except for the 1.4% increase in RSS at a distance of 40, the RSS was almost same during encroachment. Accordingly, reliable communication can be established prior to a crash in V2B systems.
B. Curb Crash Test Results
The acceleration and RSS results during the car to curb crash test for 1.5 m receiver antenna are presented in Fig. 9 , where time is normalized to t c (i.e., t c = 0). The three intervals (pre-, peri-, and post-crash) chosen for this experiment are highlighted in Fig. 9a ([t interval, the RSS is shown to be 15 dB lower than that in pre-crash interval. However, in post-crash interval, it can be observed that RSS is 30 dB higher than the peri-crash interval.
The car to curb experiments also provide an opportunity to compare barrier antenna heights, where two heights of 0.82m and 1.5m are used. OFDM impairment results during the vehicle encroachment are shown for these antenna heights in Fig. 10 . In terms of received power (Fig. 10a) , we observe a virtually constant value for the 0.82m antenna height. On the other hand, for the 1.5m antenna height, it can be observed that encroachment distance has a significant impact on RSS. The signal decreases 10 dB between 30m to 20m distances and a 15dB increase is observed between 20m to 10m distances.
Similar trends are visible for EVM and phase error impairments as shown in Figs. 10b-10c . For EVM, it we observe only a 2dB change with the 0.82m antenna height, whereas a 6dB fluctuation is visible with the 1.5m antenna height. Phase error follows a similar trend, where a 0.02 radian change is observed for the 0.82m antenna height compared to a 0.14 radian change for the 1.5m antenna height. Considering a strong line-of-sight was existing during the entire experiment, 0.82m antenna height provides a robust and reliable communication link compared to a higher antenna. This conclusion is contrary to earlier results, where higher antenna heights were preferred for V2V communications but is consistent with our earlier V2B experiment results [5] .
In addition, for each of the three phases (before, during, and after crash), we evaluated the EVM and PE impairments of the OFDM transmission which are shown with a cumulative distribution function (CDF) plot in Figs. 11. It can be observed that a vehicle crash has a negative effect on wireless signal transmission. For example, for the 1.5 m receiver deployment, we observed -5.71 dB and -8.98 dB EVM results for the peri-crash and post-crash phases respectively (40% increase in EVM). Whereas, for the 0.82 m receiver deployment, EVM changes only between -7.60 dB and -8.18 dB, respectively (10% increase in EVM), supporting the reliability of barrierlevel antennas.
For 1.5 m deployment, we observed 0.26 rad, 0.22 rad, and 0.10 rad phase errors for pre-crash, peri-crash, and post-crash intervals, respectively, which also reflect the adverse effects of vehicle crash, compared to post-crash phase results. In Table II 
V. CONCLUSIONS
Vehicle to barrier (V2B) communication systems are a new addition to the family of V2X communication approaches, and aims to achieve safer journeys by establishing safety-related communication means between vehicles and roadside barriers. To guide the development of V2B communication solutions, in this paper, real world crash test results are presented, which reveal the effects of vehicle crash on OFDM signal transmission over 5.8 GHz band. According to real-world crash test results, significant signal impairments are observed during a vehicle crash when vehicle-height antennas are used. Specifically, during a crash, we observed nearly 15% increase of impairment in terms of error vector magnitude evaluations for a 1.5m receiver. Less significant changes for a 0.82m receiver provides strong evidence that V2B systems can be deployed on existing barriers, providing robust communication capabilities for improving safety on roads. Accordingly, new solutions can be developed to predict possible run-off-road crashes and mitigate their impacts in terms of fatalities and injuries.
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